Summary: Cysteine and histidine rich domains (CHORDs), implicated in immunity and disease resistance signaling in plants, and in development and signal transduction in muscles and tumorigenesis in animals, are seen to have a cylindrical three-dimensional structure stabilized by the tetrahedral chelation of two zinc ions. CHORDs are regarded as novel zinc-binding domains and classified independently in Pfam and ECOD. Our sequence and structure analysis reveals that both the zinc-binding sites in CHORD possess a zinc ribbon fold and are likely related to each other by duplication and circular permutation. Interestingly, we also detect an evolutionary relationship between each of the CHORD zinc fingers (ZFs) and the Bruton's tyrosine kinase (Btk)-type ZF of the zinc ribbon fold group. Btk_ZF is found in eukaryotic Tec kinase family proteins that are also implicated in signaling pathways in several lineages of hematopoietic cells involved in mammalian immunity. Our analysis suggests that the unique zinc-stabilized fold seen only in the CHORD and Btk_ZFs likely emerged specifically in eukaryotes to mediate diverse signaling pathways.
Introduction
Cysteine and histidine rich domains (CHORDs) are short protein domains, 60 aminoacids long, with six conserved cysteines and two histidines that form two Cys3His zinc-binding sites (Heise et al., 2007; Shirasu et al., 1999; Zhang et al., 2010) . CHORDs are reported to be present in almost all eukaryotes, except yeast, and occur in tandem in proteins (Heise et al., 2007; Shirasu et al., 1999) . The tandem CHORDs are separated by a 20-residue intervening CCCH motif in plants (Shirasu et al., 1999) . Animal CHORD proteins have an additional C-terminal CS domain [CHORD-containing proteins and Suppressor of the G2 allele of Skp1 (Sgt1)] (Shirasu et al., 1999) . CHORDs functionally associate with CS domains either in the same protein or in an interacting protein, for example, Sgt1 (Azevedo, 2002; Heise et al., 2007; Sbroggio et al., 2008; Shirasu et al., 1999) . While plants, protozoa and invertebrates have only a single CHORD protein-coding gene, vertebrate genomes are reported to code for two CHORD proteins (Brancaccio et al., 2003a; Ferretti et al., 2011) . CHORD proteins such as Required for Mla12 Resistance (RAR1) from plants, and CHORD-containing protein-1 (Chp-1)/morgana and melusin from animals have been well characterized and are known to play important functions in pathophysiological processes.
RAR1 is implicated in disease resistance signaling pathways by controlling, along with Sgt1, the heat-shock protein 90 (Hsp90)-mediated function of leucine-rich nucleotide-binding oligomerization domain (Nod)-like receptors (NLRs) that mediate innate immunity in plants (Bieri et al., 2004; Freialdenhoven et al., 1994; Heise et al., 2007; Muskett, 2002; Shirasu et al., 1999; Takahashi et al., 2003; Thao et al., 2007; Tornero, 2002; Zhang et al., 2010) . Likewise, mammalian Chp-1 is also known to interact with Hsp90 (Wu et al., 2005) that regulates and activates the mammalian orthologs of plant disease resistance proteins involved in innate immunity (Mayor et al., 2007) . Chp-1/morgana is shown to be important for germline development and embryogenesis in Caenorhabditis elegans (Shirasu et al., 1999) , maintaining diploidy in Aspergillus nidulans (Sadanandom et al., 2004) , and controlling centrosome duplication, genome stability and tumorigenesis by virtue of its interaction with Hsp90 and Rho kinase I and II in mice and humans (Brancaccio et al., 2015; Ferretti et al., 2010 Ferretti et al., , 2011 Michowski et al., 2010) . Melusin is specifically expressed in muscles and implicated in signal transduction in response to pressure in cardiomyocytes by interacting with Hsp90 and components of the Raf-MEK1/ 2-ERK1/2 MAPK and AKT/GSK3b signaling pathways (Brancaccio et al., 2003b) . CHORDs in these proteins mediate interactions with other proteins to regulate the signaling cascade (Ferretti et al., 2010; Sbroggio et al., 2008; Wu et al., 2005; Zhang et al., 2010) .
The structures of human Chp-1 CHORD I (PDBid 2YRT_A) and RAR1 CHORD II in complex with Hsp90 and Sgt1 (PDBid 2XCM_E) are available. The three-dimensional structure of CHORD is cylindrical in shape and stabilized by two zinc ions (Fig. 1A) . CHORDs are classified as an independent family in Pfam (PF04968) (Finn et al., 2016) and as a separate fold (X-group) in the evolutionary classification of protein domain (ECOD) database (Cheng et al., 2014) . However, we show that the two zinc-binding sites in CHORDs resemble a zinc ribbon fold and are likely related by duplication and circular permutation (CP). We also report a novel evolutionary connection between the CHORD zinc sites and Bruton's tyrosine kinase-type zinc finger (Btk_ZF) of the zinc ribbon fold group.
Materials and methods
CHORD and Btk_ZF structures were retrieved from the Protein Data Bank (PDB), and visualized and manually compared in PyMOL. Dali (Holm and Laakso, 2016) and TopSearch (Wiederstein et al., 2014) (against PDB release 2016-06-01) were used for structural similarity searches. Sequence similarity searches with full-length CHORD (PDBid 2XCM), CHORD_ZF1 (PDBid 2XCM_E, residues: 180-214), CHORD_ZF2 (PDBid 2XCM_E, (215) (216) (217) (218) (219) (220) (221) and Btk_ZF (PDBid 1BTK, residues 140-171) were performed using JackHMMER from the HMMER3 package (Finn et al., 2015) (against: Representative Proteomes rp15; E-value threshold ¼ 1E-3), FFAS server (Jaroszewski et al., 2005) (against PDB, Pfam and SCOP databases) and HHpred server (Soding et al., 2005) (against: PDB70_ 06Jun16, using MSA generation method HHblits run for 5 iterations, E-value threshold ¼ 0.001). Structure-guided multiple sequence alignment of the CHORD_ZFs and Btk_ZF was done manually.
For network analysis, seed sequences of the CHORD (PF04968), Btk_ZF (PF00779) and several families of the RING-like binuclear ZF domain (Pfam Clan CL0229) were downloaded from the Pfam database (Finn et al., 2016) and used as input for all against all BLAST clustering and visualization in CLANS (P-value cutoff ¼ 1E-40, attraction value ¼ 10, repulsion value ¼ 5) (Frickey and Lupas, 2004) . Domain architectures were sketched by analyzing protein sequences that were retrieved in sequence similarity searches.
Results
An examination of the zinc sites in CHORDs reveals a duplication and fusion of two ZFs, that we refer to as CHORD_ZF1 (PDBid 2XCM_E, residues: 180-214) and CHORD_ZF2 (PDBid 2XCM_E, residues: 155-179, 215-221) ( Fig. 1A and B ). Both these ZFs have all the core secondary structure elements (SSEs) of the zinc ribbon fold. Zinc ribbons are short b-rich protein folds with two core b-hairpins that chelate a zinc ion by residues, most commonly cysteines and histidines, placed on the zinc knuckles ( Fig. 1A and B) (Krishna et al., 2003) . Zinc ribbons are structurally diverse and can have extensions and insertions to the core of the fold. An additional functionally important b-strand (colored grey in Fig. 1A and B) is seen to hydrogen bond with one of the b-hairpins of the zinc ribbon in most domains and CPs to the core depending on the placement of this b-hairpin have been documented (Kaur and Subramanian, 2015a; Krishna et al., 2003) . CHORD_ZF2 is discontinuous in sequence as CHORD_ZF1 is inserted between the b-strands of its short C-terminal b-hairpin. CHORD_ZF1 has the additional b-strand seen in other zinc ribbons and an additional a-helical insertion. Although CHORD_ZF1 and CHORD_ZF2 have overall similarity to the zinc ribbon fold, CHORD_ZF1 can only be structurally related to CHORD_ZF2 and other zinc ribbons by considering a CP in the zinc knuckle region. Indeed, a split zinc knuckle similar to that of CHORD_ZF1 is also observed in the Btk_ZF (Krishna et al., 2003) (Fig. 1A and B) .
Interestingly, sequence and structure analyses point towards an evolutionary connection between the CHORD_ZFs and Btk_ZFs. FFAS sequence-similarity search (Jaroszewski et al., 2005) initiated with CHORD (PDBid 2XCM_E) retrieved tyrosine-protein kinase BTK (PDBid 1B55_A) and ITK/TSK (PDBid 2E6I_A) with a score of -10.2 and -9.7, respectively. This sequence similarity extends across the CHORD_ZF1 and the Btk_ZF. HHpred sequence-similarity searches (Soding et al., 2005) with CHORD also yielded complementary results. HHpred initiated with only CHORD_ZF1 (PDBid 2XCM_E) retrieved tyrosine-protein kinase BMX (PDBid 2YS2_A) and ITK/TSK (PDBid 2E6I_A) with an E-value of 0.0051 and 0.028, respectively. Dali structure-similarity searches (Holm and Laakso, 2016) initiated with the full-length CHORD, CHORD_ZF1 or CHORD_ZF2 do not retrieve any other similar structures. However, structure-similarity search using TopSearch (Wiederstein et al., 2014) with full length CHORD (PDBid 2YRT_A) retrieved Btk protein (PDBid 1BTK_A) with similarity score of 28.6 and a RMSD ¼ 1.5 Å over an alignment length of 30 C a atoms and tyrosine-protein kinase BMX (PDBid 2YS2_A) with similarity score of 27.5 and a RMSD ¼ 2.2 Å over an alignment length of 30 C a atoms. This structure similarity, too, extended across the CHORD_ZF1 and Btk_ZF and corroborated the sequence similarity results.
CHORD_ZF2 is likely to be evolutionarily related to CHORD_ZF1 and Btk_ZF based on the conservation of subtle structural features. First, the point of CHORD_ZF1 insertion in the CHORD_ZF2 that causes splitting of the zinc knuckle in the latter, corresponds to the split zinc knuckle seen in Btk_ZF and CHORD_ZF1. Second, CHORD_ZF2 also shares a similar zinc chelating Cys 3 His motif with CHORD_ZF1 and Btk_ZF (Fig. 1C) . Third, the zinc-chelating residues have a right-handed zinc chelation geometry (Krishna et al., 2003) in the these ZFs (Supplementary Fig.  S1A ) and three of the four residues can be superimposed structurally ( Supplementary Fig. S1B ). CHORD_ZF1 and Btk_ZF have two contiguous cysteines as also noted earlier (Heise et al., 2007) and the corresponding cysteines in CHORD_ZF2 are separated by five residues which hinders the superimposition of one of these zinc-binding residues. Sequence changes such as this are frequently observed among many evolutionary related ZFs, that none-the-less conserve the overall fold characteristics (Grishin, 2001a,b; Kaur and Subramanian, 2014 , 2015b , 2017 Krishna et al., 2003) . Further, TopSearch structure similarity search initiated with CHORD_ZF2 with an extended boundary in the split zinc knuckle region by two residues (PDBid 2XCM_E, residues: 155-180, 214-221) was able to retrieve tyrosine-protein kinase ITK/TSK Btk_ZF (PDBid 2E6I_A) with similarity score of 16.3 and a RMSD ¼ 2.3 Å over an alignment length of 18 C a atoms and tyrosine-protein kinase BMX Btk_ZF (PDBid 2YS2_A) with similarity score of 14.9 and a RMSD ¼ 2.6 Å over an alignment length of 17 C a atoms, although the structural alignment was not over the complete Btk_ZFs, probably due to the CP and poor structural superimposition in this region. We were able to manually superimpose CHORD_ZF2 and CHORD_ZF1 with an RMSD ¼ 2.0 Å over 20 pairs of C a atoms, and CHORD_ZF2 and Btk_ZF with an RMSD ¼ 2.2 Å over 21 pairs of C a atoms. Thus, it is highly likely that the CHORD_ZF1, CHORD_ZF2 and Btk_ZFs are evolutionarily related. This relationship is also supported by sequence similarity-based network analysis where we see that the CHORD and Btk_ZF sequences cluster together and are not associated with other ZFs such as the binuclear RING-like domains (Supplementary Fig. S2 ). The novel fold seen in the full-length CHORD, thus, can be comprehended to comprise of duplicated and fused Btk-like ZFs, and CHORD and Btk_ZFs form an evolutionarily related family that is likely to be unrelated to other ZF domains.
Our analysis reveals that CHORDs are found in eukaryotic species from Viridiplantae, Bangiophyceae, Bacillariophyta, Phaeophyceae, Cryptophyta, Isochrysidales, Metazoa, Fungi, Oomycetes, Ichthyosporea, Kinetoplastida, Eustigmatophyceae, Longamoebia, Dictyosteliida, Apicomplexa, Oligohymenophorea, Spirotrichea, Blastocystis, Choanoflagellida, Perkinsida, Prymnesiales, Pelagophyceae, Plasmodiophoridae, Apusomonadidae, Chromerida, Heterotrichea, Dinophyceae and Fonticula, while the Btk_ZFs are confined to Metazoa, Ichthyosporea, Eustigmatophyceae and Choanoflagellida lineages. Our sequence searches also retrieved several proteins (e.g. UniProt L1IJY2, A0A0H2R8W1, L8H898, A9UWJ8) in which CHORDs do not occur in tandem as previously proposed (Shirasu et al., 1999) . The only prokaryotic sequences retrieved in our many sequences searches with CHORDs and Btk_ZF were those of an uncharacterized protein from Coprobacillus sp. CAG: 826 (UniProt R7DRP3) and Spirochaetes bacterium GWB1_36_13 (UniProt A0A1G3KZJ6) that have a single CHORD, and an uncharacterized protein from Geobacter metallireducens (UniProt Q39RA5) that has a TIR domain followed by a CHORD.
The evolutionary relationship between the Btk_ZFs and CHORDs is interesting as the Btk_ZF containing proteins are also known to function in eukaryotic signaling pathways in many hematopoietic cell types (Hendriks et al., 2014) . Btk_ZF is a part of the Tec homology domain found in the Tec protein tyrosine kinases and is also present in Ras GTPase-activating proteins (Vihinen et al., 1994) . Btk_ZF mediates interactions with various proteins such as LYN, FYN, HCK, CBL and G proteins of signaling pathways (Hendriks et al., 2014; Jiang et al., 1998) .
Similarly, RAR1 CHORD I and CHORD II contribute to eliciting plant immunity via NLRs (Shirasu et al., 1999; Zhang et al., 2010) . RAR1 CHORD II _ZF1 interacts with Hsp90 and CHORD II _ZF2 with Sgt1 (Zhang et al., 2010) . The conserved additional b-strand and the proceeding b-hairpin of the zinc ribbon fold in RAR1 CHORD II _ZF1 are seen interacting with Hsp90, and residues on the additional b-strand interact with the ADP and Mg 2þ -bound water molecules in the Hsp90 active site (PDBid 1XCM) (Zhang et al., 2010) . The proposed interaction site of Btk_ZFs with G proteins also corresponds to this b-strand and the one proceeding it (Touhara et al., 1994) , revealing a conservation of functional sites in the CHORD and Btk_ZF families. Further, the Btk_ZF is important for the structural stability of the Btk protein and various mutations in this ZF have been implicated in X-linked agammaglobulinemia (Hyvonen and Saraste, 1997; Valiaho et al., 2006) . Likewise, a mutation affecting one of the zinc-chelating residues in CHORD I is shown to lead to defects in RAR1 function (Shirasu et al., 1999) .
CHORDs occur with many other protein domains ( Supplementary  Fig. S3 ), of which the most commonly seen associations are with CS (PF04969), EloA-BP1 (PF15870), RNase_T (PF00929), DUF3342 (PF11822), DUF3534 (PF12053), AhpC-TSA (PF00578), NACHT_N (PF17100) and coiled-coil domains (Fig. 1D) . CHORDs are seen to mediate protein-protein interactions with the ATPase domain of Hsp90 and CS domain of Sgt1 leading to formation of a multi-protein complex (PDBid 2XCM) (Zhang et al., 2010) . It is likely that CHORDs that occur adjacent to Ras (PF00071), TIR (PF13676), AAAþ ATPase and F-box-like (PF12937), mediate similar functions in these proteins and aid signal transduction in a variety of biological processes. CHORDs are also seen to occur with various other catalytic domains such as the HpcH/HpaI aldolase/citrate lyase (HpcH_HpaI domain; PF03328), alkyl hydroperoxide reductase and thiol specific antioxidant (AhpC-TSA domain; PF00578), Copper amine oxidase (Cu_amine_oxid domain; PF01179) and Serine hydrolase (FSH1 domain; PF03959). The presence of scaffolds such as coiled-coil regions, tetracopeptide repeats (TPRs), DUF3534 and WD40 repeats in many CHORD-containing proteins is suggestive of formation of macromolecular biological assemblages. DUF3534 has a ubiquitin-like fold that forms filament-like structures in Par-3 (Zhang et al., 2013) and occurs with many CHORD proteins in kinetoplastids and stramenopiles. DUF3342 which is related to the dimerization-mediating BTB/POZ domains (Bardwell and Treisman, 1994 ) is seen to co-occur with CHORDs in molluscs, vertebrates and echinoderms, is also indicative of the probable biological associations that may be mediated. Further, as zinc ribbons commonly assist interactions with nucleic acids in many nuclear factors and ribosomal proteins (Krishna et al., 2003) , a similar function may be predicted for CHORDs where it co-occurs with RNA recognition motif (RRM; PF00076), HD phosphohydrolase (PF01966) and nucleases such as RNase_T (PF00929) and RNase_PH (PF01138). Thus, a general functional role of CHORDs in facilitating interactions with other moieties in macromolecular complexes may be envisaged.
In conclusion, our analysis suggests that the two zinc-binding sites in CHORDs have a zinc ribbon fold that is evolutionarily related to the Btk_ZFs. While Btk_ZF and CHORD_ZF1 have similar structures, CHORD_ZF2 can be related to them only after considering a CP. Domain duplication and fusion and CP are popular evolutionary mechanisms known to lead the emergence of new folds (Alva et al., 2008; Grishin, 2001b; Kaur and Subramanian, 2014; Kinch and Grishin, 2002) . CHORD ZFs and Btk_ZFs plausibly emerged specifically in eukaryotes and diverged functionally to assist interactions with other components of the signaling pathways. Emergence and functional diversification of protein families specifically in eukaryotes have been previously reported on several occasions (Aravind et al., 2006; Kaur and Subramanian, 2015c; Zhang et al., 2012) .
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